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I n t r o d u c t i o n
The differentiation of neural crest cells into visceral cartilage in vertebrates is a question which occupies a very peculiar position in zoology. It has been claimed as a fact by some workers from their studies of the normal development, and denied by others. Experiments using the methods of intra-vitam staining techniques, extirpation and transplantation have yielded results which point unequivocally to the truth of this statement and can be interpreted in no other way. But there has as yet been no demonstration by histological methods of the actual conversion of cells derived from the neural crest into visceral arch cartilage, of such a nature as to convince those whose belief in the orderliness of natural phenomena is formulated in the germ-layer theory, that this process takes place in normal development.
The problem of the origin of the cartilages of the visceral arches from neural crest derivatives is part of the wider problem of the origin of the mesenchyme of the head. That some of this mesenchyme is formed from the neural crest was first claimed by Kastschenko (1888) in selachians. Of the large proliferations of the neural crest which migrate downwards and occupy the regions of the visceral arches and upper jaw, not all'the cells appear to give rise to neural elements, i.e. ganglion cells, etc.; some appeared to give rise to mesenchyme.
Kastschenko's opinion was shared by Goronowitsch (1892) working on birds, Platt (1894, 1896, 1897) on Necturus, Dohrn (1902) on Torpedo, Koltzoff (1902) on Petromyzon, Brauer (1904) on Hypogeophis, Greil (1913) on Ceratodus, Veit (1919) on man, Landacre (1921) on Ambly stoma jeffersonian S on A. mexicanum and Rana palustris, Bartlemez (1923) on man, Veit (1924) on Lepidosteus, Sawadski (1926) on A c i p e n s e r , Knouff (1927) on Rana on Gallus, Sturnus, Lepus, Spermophilus, Felis, Cervus and man, and by Raven (1931) and Starck (1937) on Ambly stoma mexicanum. Platt gave the term £ mesectoderm ' to such mesenchyme of ectodermal origin; Landacre called it ' ectodermal mesenchyme'. It will here be ectomesenchyme.
Among those who have denied the contribution of neural crest cells to the for mation of ectomesenchyme are Rabl (1894) and Corning (1899) working on Rana, Buchs (1902) on Necturus, Adelmann (1925) on Mus, Goodrich (1930) and Sobotta (1935) on selachians and amphibians, Marinelli (1936) and Stadtmiiller (1936) .
Of the protagonists of the participation of the neural crest in the formation of ectomesenchyme, the following claim further that this ectomesenchyme differen tiates into visceral arch cartilage: Goronowitsch, Platt, Dohrn, Landacre, Stone, Knouff, Raven and Starck. It will be noticed that these investigators (except Goronowitsch) all worked on selachian and amphibian material. The question is slightly complicated by the fact that Platt considered that the ectomesenchyme was derived not only from the neural crest, but also from the placodes of the lateral epidermis, a claim which has not been substantiated by later workers.
The nature of the evidence brought forward in these investigations consists in the recognition of histological differences between the cells derived from the neural crest and those derived from mesodermal sources. As expressed in Landacre's description of his very careful investigations of close series of stages in Amblystoma jeffersonianum, the neural crest derivatives are smaller, stain more deeply, contain pigment granules, and very fine yolk granules which soon disappear; whereas the cells derived from the mesoderm are larger, stain more lightly, contain no pigment but large yolk globules which persist for a long time. As a result of these criteria, Landacre, Stone and Raven claim that the anterior portion of the trabeculae cranii and all the cartilages of the visceral arches except the 2nd copula or 2nd basibranchial, are formed from cells derived from the neural crest. Some of these accounts are unaccompanied by illustrations, others are illustrated by drawings, and some by photographs which, however, cannot be said to have convinced the sceptics.
Without going into details concerning the ultimate origin of the cells which give rise to trabeculae and to visceral arches, I have myself (de Beer 1931) drawn attention to the evidence that these structures are of similar nature and that, in particular, the trabeculae are not of axial origin.
The technique of application of intra-vitam staining marks on the neural crest at the open neural plate stage has been carried out by Vogt (1929 ) in , Stone (1932 in Amblystoma and Ichikawa (1933) in Hynobius; and Horstadius, by the superb refinements of his technique, has been able to project on to the open neural plate stage the limits of the various areas whose presumptive fates are to give rise to trabeculae, mandibular arch, hyoid arch and branchial arch elements. It does not appear, however, that the intra-vitam stains persist long enough to make it possible to recognize the stained cells during and after their differentiation into cartilage.
The method of extirpation of neural crest cells was first applied by Stone (1922 Stone ( , 1926 , who showed in Amblystoma punctatum that if these early tail-bud stage without damaging the other tissues, the resulting embryos show deficiencies in the trabeculae and visceral arch cartilages, according to the position of the operation. It was remarkable that the 2nd copula or basibranchial was not affected by the removal of neural crest. Later, Stone (1929) repeated these experiments on Rana palustris and obtained similar results. Raven (1931) introduced a further element of precision by operating not at the early tail-bud stage, but at the open neural plate stage, when the neural crest elements are to be found in the ridges of the neural folds. The result of his experiments on Amblystoma mexicanum confirmed those of Stone, and added the fact that neural crest of the trunk, when grafted in place of neural crest in the head, lacks the power of producing visceral arch cartilages. Reisinger's (1932) experiments on Ranafusca and Ichikawa's (1937) on R. japonica corroborated these results, which were further confirmed and greatly amplified by Horstadius & Sellman (1946) . In particular they demonstrated a regional restriction of potencies in the neural crest of such a kind that presumptive trabeculae material, introduced into the visceral arches, does not give rise to branchial cartilages; and, conversely, presumptive branchial arch cartilage material introduced into the anterior region of the head does not produce trabeculae. At the same time, there is a retention of some regional potencies, for presumptive branchial arch cartilage material, introduced into the mandibular arch, retains the power of fusion of elements from each side in the mid-ventral line; while pre sumptive mandibular arch cartilage material introduced into the branchial arches produces cartilages which do not fuse in the mid-ventral line with the basibranchial.
Experiments designed for investigations of a different nature have also yielded results which bear on this problem. Among these are Holtfreter's (1933) exo-gastrulation experiments on Urodela, the result of which is to produce embryos with everted guts, and with complete separation of the ectodermal from the endodermal and mesodermal elements. In such embryos no neural crests are formed and no visceral arch cartilages arise. Other work by Holtfreter (1935) has involved the interchange of material between gastrulae and larvae of Urodela and Anura. An embryo of Triton alpestris into the head region of which ectoderm o has been grafted, gives rise to an embryo in which portions of the cartilage of the visceral arches are composed of cells visibly recognizable as of anuran origin. Exchanges of neural crest material between embryos of Amblystoma tigrinum and A. punctatum were carried out by Harrison (1938) , who found that the specific characters of the tigrinum neural crest donor were recognizable in the greater size of the visceral cartilages of the punctatum host embryo.
Stone and Raven had previously claimed that neural crest cells from the head, when grafted into the trunk, differentiate into cartilage, but with variable results. Horstadius repeated these experiments with greater precision and found that when head neural crest material is grafted into the trunk region without the addition of other elements, it does not give rise to cartilage. But if, in addition to this head neural crest material, there is also grafted into the trunk region some pharyngeal endoderm, or mesenchyme, or if the somites of the trunk at the site of implantation of the graft are damaged, then the head neural crest material will form cartilages. The grafted pharyngeal endoderm induces the formation of artificial 'gill-slits', tubes opening from the cavity of the gut to the exterior, and the cartilages are related to these.
This highly important result obtained by Horstadius means that the cells of the neural crest of the head do not by themselves possess all the internal factors requisite for their self-differentiation into cartilage; for this they depend on other inducing factors, situated in the pharyngeal endoderm. If an induction is at work, it might still be claimed that the differentiation of neural crest elements into cartilage was not a straightforward occurrence in normal development, and it becomes all the more desirable to provide a convincing demonstration of this fact, particularly since no less an authority than Goodrich (1930) still felt obliged to say that 'this doctrine of the formation of special " mesectoderm " in the head is, however, almost certainly founded on misinterpretations and erroneous observations on unsuitable material'. It is hoped that the present paper will provide that demonstration.
With the formation of the visceral arch cartilages, the possibilities of differen tiation into supporting tissues by the derivatives of the neural crest are not exhausted, for Platt and Landacre have claimed that the cells forming the pulp of the rudiments of the teeth (i.e. odontoblasts) are ectomesenchymatous in origin in Necturus and Amblystoma respectively. This view is supported by Adams (1924) working on Amblystoma punctatum, and it forms the subject of an investigation described in this paper, which has fully confirmed Platt's findings.
The possibility that the osteoblasts of dermal bones are of neural crest origin is reserved for further investigation.
Another set of structures to which the neural crests gives rise is pigment cells. As shown by Dushane (1943) , in Amphibia the dermal pigment cells (larval melanophores, xanthophores, guanophores, adult melanophores and xantho-uncophores) and the pigment cells lining the peritoneal cavity are undoubtedly derived from the neural crests. All pigment cells are therefore of ectodermal origin in the Amphibia. The same is true in birds (Dushane 1944) . These facts are of importance here, since part of the evidence brought forward in this paper rests on the derivation of the black pigment found in ectomesenchyme cells from the neural crest.
A study of the odontoblasts has naturally led on to an investigation of the formation of the enamel organs of the teeth. These, of course, do not arise from the neural crest, but from the lining of the mouth cavity. It was claimed by early workers, such as Sirena (1871), Wiedersheim (1890), and Rose (1895) , that the first lower-jaw tooth rudiments in Urodela arise without any tooth-band, but simply by the projection of the papilla of odontoblasts into the overlying layer of tissue forming the floor of the mouth. This condition resembles that of the placoid scale of Selachii. These results have been confirmed by Adams (1924) who added that the tooth rudiments of the upper jaw possessed a small band, and, most interesting of all, that the cells of the enamel organ were formed in some cases from the ectodermal tissue of the stomodaeum, in others of the endodermal fining of the foregut, and in others again of ectodermal on one side and endoderm on the other. This finding has also been reinvestigated in the present paper, and confirmed.
M a t e r i a l a n d m e t h o d s
The aim of the present work is to present unequivocal evidence in the form of untouched photomicrographs of preparations made from normal stages of development of the axolotl, Amblystoma mexicanum, of the derivation of visceral arch cartilages and of odontoblasts from the neural crest. The preparations themselves were made in order to reveal the presence of the characteristic cell constituents of derivatives of the neural crest (pigment) and true mesenchyme (yolk), after the onset of chondrification of undoubted axial cartilage such as the parachordals and of visceral arch cartilages.
To reveal the yolk platelets, preparations were stained on the slide with Peter's (1904) iron-alum cochineal, or with picro-indigo carmine, after bulk staining in borax carmine. Both methods gave very satisfactory results. The demonstration of pigment granules was obtained by the simple method of mounting sections without staining them at all. This was particularly valuable for the study of the earlier stages, in which the pigment granules are very fine and diffuse throughout the cytoplasm of the cells of ectodermal derivation. At later stages, the pigment becomes concentrated into larger jet black granules which require no special treatment for their demonstration. The precaution was, however, taken of soaking the preparations for long periods in solutions of iodine, in order to guard against the possibility that any of the black granules might be artefacts derived from sublimate fixatives. 
The visceral arch cartilag
The degree of differentiation in regard to yolk content of the cells between derivatives of the ectoderm, neural tube and neural crest on the one hand, and notochord, mesoderm and endoderm on the other, is plainly visible in transverse section of embryos of stage 20. The cells of the notochord, mesoderm and endoderm are choked with yolk globules of which the average diameter is 10/£. At this stage the cells of the epidermis, neural tube and neural crest are not entirely devoid of yolk, but the yolk globules are sparse in the cells and very much smaller, with an average diameter of l/i. At stage 22 (figures 2, 3, plate 27) the yolk globules have practically vanished from the derivatives of the ectoderm, but they are still large and plentiful in the noto chord, mesoderm and endoderm. The distinction between the two types of tissue is obvious, and is reinforced by the fact that the ectodermal derivatives contain pigment granules, which the notochord, mesodermal and endodermal cells do not. These pigment granules may be diffused throughout the cells, or aggregated into dense masses, and cells containing these masses occur in the neural tube, eye, ear vesicle, nerve ganglia and in the epidermis, but nowhere else. This stage is further of interest in showing the existence and nature of the mesenchymal cell population of the head. Some of these cells, situated centrally, contain as many yolk globules as the mesoderm from which they arise. These cells form the 'true' mesenchyme. More peripherally is a large mass of cells containing little or no yolk, continuous with the neural crests from which they arise; these are the ectomesenchyme.
The true mesenchyme does not extend farther forward than the level of the eye, nor does it extend farther ventrally than the level of the dorsal wall of the gut. All the remainder of the space between endodermal gut wall and epidermis, not occupied by neural tube, is filled with ectomesenchyme.
In the visceral arches, the mesoderm of the lateral plate comes to lie about half way between the gut wall and the epidermis. This lateral plate mesoderm is separated from the epidermis by a layer of ectomesenchyme (out of which the dermal pigment cells arise), while another layer of ectomesenchyme separates it from the gut wall. It is this latter layer of ectomesenchyme that gives rise to the cartilages of the visceral arches. The continuity of both lateral and medial ectomesenchyme with the neural crest is best seen in an oblique transverse section (figure 4, plate 27).
The derivation of the ectomesenchyme from the neural crest can also be demon strated by its pigment-granule content. A transverse section at stage 26 through the mandibular arch is shown in figure 5 , plate 28. Neural crest is shown contributing to the trigeminal nerve ganglion, while in the mandibular arch the lateral plate mesoderm is enclosed between the lateral and medial layers of ectomesenchyme.
Dorsally the lateral plate mesoderm is continuous with the mandibular somite. The notochord is surrounded by a few mesenchyme cells. A view of the left mandibular arch is shown under higher magnification in figure 6, plate 28. The yolkglobule content of the lateral plate mesoderm is almost as high as that of the endodermal cells of the gut wall, while the cells of the ectomesenchyme and epidermis contain only a few very fine globules. Preparations made with iron-alum cochineal do not reveal the pigment granules (except for some epidermal cells). But the distribution of the pigment can be demonstrated in preparations mounted without any staining at all. Figure 7 corresponds to figure 5, plate 28, and it will be noted that wherever in figure 5 the cells contain no yolk, in figure 7 they contain black pigment. Conversely, wherever in figure 5 the cells do contain yolk, in figure 7 they contain no pigment. Figure 8 , plate 28, which is a section passing through the left mandibular arch under higher magnification, may be compared in the same way with figure 6. The important thing to notice is the presence of the black pigment in the medial layer of ectomesenchyme, lying between the mandibular lateral plate mesoderm and the gut wall. It is from some of the cells of this ectomesenchyme that Meckel's cartilage will arise.
Sections taken through the more posterior visceral arches show exactly the same conditions as in the mandibular arch. It is not necessary to show these in separate transverse sections, for the horizontal section through the wall of the pharynx will reveal the relations'in several adjacent visceral arches at the same time. Figure 9 , plate 29, shows such a section which passes through the hyoid, and first and second branchial arches. In each case it will be noticed that the cells of the pharyngeal wall and gill pouches, and of the lateral plate mesoderm, are filled with yolk globules, while the cells of the epidermis and of the ectomesenchyme on the lateral and medial sides of the mesoderm contain none.
In vertical longitudinal section, the situation is even more obvious. Figure 10 , plate 29, is a paramedian sagittal section showing portions of the mouth, hyoidean and three branchial gill pouches, and alternating with these the ectomesenchymatous rudiments of the cartilages in the mandibular, hyoid, and three branchial arches. The nature of the mesenchyme cell population of the head is also plain. Surrounding the auditory vesicle and flanking the level of the notochord, these cells are true mesenchyme of mesodermal origin as shown by their conspicuous yolk globules and lack of pigment. In the anterior region of the head and in the visceral arches, the cells are ectomesenchyme, of neural crest origin, as shown by their conspicuous pigment granules and absence of yolk. This is particularly well seen in figure 11 , plate 29, which shows the mandibular and hyoid arches under higher magnification.
At stage 33, differentiation has proceeded far enough for it to be possible to recognize the rudiments of the visceral arch cartilages as accumulations of cells which already occupy the definitive positions and present the characteristic shapes of these structures. A transverse section through Meckel's cartilage is shown in figure 12 , plate 30. A portion of this section adjacent to the notochord is shown under higher magnification in figure 13, plate 30, in which it can be seen that the mesenchyme cells flanking the notochord on each side contain large and numerous yolk globules, but no pigment. At the same time it can be seen that the cells of the medulla-oblongata contain no yolk globules but black pigment, diffuse in some cells (e.g. those of the floor plate of His), and condensed in others. Another portion of the same section, passing through the rudiment of Meckel's cartilage, is shown under higher magni fication in figure 14 , plate 30. The cells of the floor of the pharynx contain large yolk globules, as do those of the rudiments of the intermandibularis muscles (derived from the lateral plate mesoderm). But the cells of the rudiment of Meckel's cartilage contain no yolk, but numerous pigment granules.
At stage 35, cartilage is definitely differentiated, both in the parachordals and in the visceral arches. Figure 15 , plate 30, shows a transverse section passing through the articulation between Meckel's cartilage and the quadrate. The left parachordal cartilage in the same section is shown under higher magnification in figure 16, plate 30, in which it is plainly seen that the chondroblasts contain no pigment but still have numerous fair-sized yolk globules. The right quadrate and Meckel's cartilages of the same section are shown under higher magnification in figure 17, plate 30. Here the chondroblasts contain no yolk globules but numerous black pigment granules.
Sections taken through the remainder of the visceral arches show identical pictures; in all cases the chondroblasts of the visceral arch cartilages show no yolk globules but numerous pigment granules, with the exception only of one structure: the 2nd basibranchial. Figure 18 , plate 31, shows a transverse section at stage 35 passing through the hindmost tip of the 1st basibranchial, and 2nd hypobranchials, and the foremost tip of the 2nd basibranchial. The latter overlaps ventrally the hindmost end of the 1st basibranchial. A portion of the same section under higher magnification is shown in figure 19 , plate 31, which shows pigment granules and absence of yolk in the 1st basibranchial and 2nd hypobranchials, but presence of the yolk globules and absence of pigment in the 2nd basibranchial.
There remains the problem of the trabeculae cranii. Figure 20 , plate 31, is of a horizontal section through the anterior and posterior portions of the right trabecula and parachordal at stage 35. The line of junction between the yolk-free pigmentcontaining anterior portion of the trabecula and the yolk-containing pigment-free posterior trabecula and parachordal is seen to be slightly anterior to the posterior wall of the infundibulum. The pigment granules of the wall of the brain and the yolk globules of the rudiments of the temporal muscle and eye muscles are well seen in this section.
(2)
The odontoblasts and the enamel organ The key to the understanding of the development of the teeth in Urodela is a correct appreciation of the formation and relations of the stomodaeum. The epidermis in the region of the future mouth is composed of two layers, each one cell thick. The endodermal cells of the foregut, each laden with yolk globules, abut as a solid cylinder against the middle of the oral plate, and where they touch the epidermis the latter is reduced to its outer layer only, and is therefore one cell thick. Adams (1924) has shown that this reduction of the epidermis to its single outer layer is a result of the contact with the foregut. The inner layer of the epidermis is reflexed inwards round the endodermal foregut like a collar which extends for a distance of 150//. and ends by a free circular edge. Behind this edge, the line of the stomodaeal collar is continued backwards by the endodermal foregut. That is to say, the diameter of foregut plus stomodaeal collar is the same as that of the foregut behind the collar, which, of course, means that the foregut itself is wider behind the stomodaeum by an amount equal to the thickness of the stomodaeal collar. These relations are shown in figure 21, plate 32, and under higher magnification in figure 22 , plate 32. The continuity between the stomodaeal collar and the inner layer of the epidermis is plainly visible, as is the distinction between the cells of the stomodaeal collar and those of the endoderm of the foregut. The nuclei of the cells of the stomodaeal collar are elongated and arranged radially to the axis of the foregut, while the nuclei of the cells of the endoderm are smaller, more ovoid, and irregularly arranged. Further it will be noticed that the endoderm cells are full of yolk, whereas those of the stomodaeal collar contain none.
Dorsally and ventrally to the stomodaeum and foregut lie rows of scattered cells, roughly aggregated into layers, which from their possession of pigment granules, continuity with the rudiments of the visceral arch cartilages, and lack of yolk globules, are recognizable as ectomesenchyme. The distinction between ectomesenchyme cells and true mesenchyme cells is particularly well seen in figure 22 , plate 32, where, dorsally to the ectomesenchyme cells over the foregut, there are some true mesenchyme cells, laden with yolk globules.
The ectomesenchyme cells adjacent to the stomodaeal collar and foregut are the future odontoblasts, and it is important to notice that they abut equally against the regions of the stomodaeal collar and of the foregut behind the stomodaeal collar. The significance of this fact is related to the formation of enamel organs of the hinder teeth out of endodermal cells of the foregut.
At stage 33 the rudiments of the papillae of the teeth are formed and visible. Figure 23 , plate 32, is a transverse section through the lower jaw showing the rudiments of a splenial tooth on each side. This is shown under higher magnification in figure 24, plate 32. It will be noticed that the odontoblasts are histologically identical with the cells of the rudiment of Meckel's cartilage, are continuous with them, and, like them, contain pigment granules but no yolk globules. On the other hand, the cells forming the thimble-shaped rudiment of the enamel organ are filled with yolk globules and are derived from the outermost layer of endodermal cells of the foregut. There is no tooth band, and the tooth arises in a manner similar to that of a placoid scale. Figure 25 , plate 33, is a transverse section through the rudiments of four dentary teeth at stage 35, and these are shown under higher magnification in figure 26 , plate 33. Pigment granules are plainly visible in the terminal odontoblasts of two of these teeth. The enamel organs in this case are formed from the ectodermal cells of the stomodaeal collar.
Figures 27 to 34, plates 33 and 34, are of the rudiments of five different teeth of the upper jaw at stage 37. In each case the odontoblasts reveal their origin from ectomesenchyme cells derived from the neural crest by the presence of pigment granules and absence of yolk globules.
Lastly, figures 35 and 36, plate 34, show the rudiments of three splenial teeth. Pigment granules are plainly visible in the odontoblasts, as in Meckel's cartilage, indicating their origin from ectomesenchyme. It is also to be noted that the only cells present on the site of the future splenial bone, between the bases of the teeth and Meckel's cartilage, are also ectomesenchyme, from which it must be surmised that the bone will arise. 
The germ-layer theor
It is inevitable that the results of the present work should lead to a re-examination of the whole question of the status of the germ-layer theory. In its essentials this theory claims two things: first that in normal development from the egg, the materials out of which the primary organ systems arise are arranged simply in layers-the serous (ectodermal), mucous (endodermal), and vascular (mesodermal) layers of Pander (1817), and, secondly, that homologous structures in different types of animals are consistently found to arise from corresponding layers. By this latter contention, von Baer (1828) initiated comparative embryology. The germlayer theory is therefore a morphological concept, and has nothing to do with developmental potencies of embryonic tissues. It belongs to the historic-descriptive aspect of biological studies, not to the causal-analytic aspect, and it is designed to systematize the derivation of organ systems during embryonic development. This it attempts to do by projecting the concept of homology to early stages of develop ment, and giving names to the layers found in such stages.
Many misapprehensions surround the germ-layer theory. First of all it must be realized that it is only legitimate to speak of the separate germ layers when their segregation from one another is complete. This is particularly important in the case of forms which develop by means of a blastoderm which, although it is external and superficial, should not be designated ectoderm until the mesoderm and notochord have been separated from it.
Next, it must be emphasized that if in asexual reproduction (as in Polyzoa or Tunicata), in regeneration, and in experimentally modified or operated embryos (as shown by Mangold (1923)), structures are formed from tissue which was derived from a layer which would not have given rise to such structures in normal embryonic development, this fact does not invalidate the germ-layer theory's claim to represent a topographic and descriptive generalization covering the events of normal development from the egg. What asexual reproduction, regeneration and experi mental embryology prove is that the segregation of the germ layers is not necessarily accompanied by any determination or fixation of fates, or restriction of potencies.
(2) The germ-layer theory and homology The first proposition of the germ-layer theory given above, viz. that in embryos of different groups of animals certain layers are constantly found, has a validity of its own as a generalization covering the structure of embryos. It is when the second proposition is added, that homologous structures consistently arise from corre sponding layers, that difficulties appear.
It might be argued that in cases of non-correspondence, it is the concept of homology that is at fault, and that the germ-layer theory is the true guide. Elsewhere (de Beer 1938) I have examined the concept of homology and shown that the similarity to which the term homology is applied in comparative anatomy is independent of identity of genes controlling the structure, independent of the developmental mechanism evoking the formation of the structure, and independent of the position in the egg of the material out of which the structure is formed. The value of homology is therefore that it is the only concept which relates the structures of organisms through their phylogenetic histories.
I had not at that time seen Wilson's (1894) lecture in which he agrees that ' Embryological development does not in itself afford at present any absolute criterion whatever for the determination of homology', and concludes that 'com parative anatomy, not comparative embryology, is the primary standard for the study of homologies'.
For the purposes of this argument, therefore, the concept of homology will be retained, and attention will be turned to the problems presented by the formation of homologous structures from 'wrong', i.e. atypical germ layers; (3) Apparent exceptions to the germ-layer theory In the Metazoa, muscles have generally been regarded as having been derived from the mesoderm, but Cannon (1926) has shown that in certain Crustacea, some muscles are derived from the ectoderm-the sphincter muscles of the maxillary gland of Cypridae, and the dorso-ventral, proctodaeal dilator, and proctodaeal circular muscles of Chirocephalus. Similarly, Manton (1928 Manton ( ,1934 has demonstrated the ectodermal origin of the extensor, flexor, and carapace muscles in Mysis, and of muscles formed at the intersegments in Nebalia. At first sight this would appear to invalidate the entire conception of the germ-layer theory as a consistent system, if it were to claim that all muscles must be derived from the mesoderm. But this would not be the case if it could be shown that in addition to mesodermal muscles, there were ectodermal muscles which the Crustacea had inherited from their ancestors. It is therefore of great interest that Staff (1910) was able to recognize the ectodermal nature of certain muscles in an annelid-Criodrilus; and it must not be forgotten that in the Coelenterata, nearly all the muscular tissue is in the ectoderm. In fact, it is quite probable that the ectodermal muscles of the Crustacea and Annelida may be phylogenetically older than the mesodermal musculature. The deduction to be made with regard to the germ-layer theory is, therefore, that it is not impossible for structures apparently similar to be formed from different layers, but that when this occurs it is not necessarily the result of sheer inconstancy, but may be the reflexion of ordinary processes with a phylogenetic history behind them. In other words, it might still be true that homologous structures are formed from the same germ layer.
The development of the cartilages of the visceral arches out of cells derived from the neural crest may perhaps receive an explanation on the same lines as that suggested for the ectodermal crustacean muscles, viz. that throughout phylogeny these cartilages have always been formed in this way. It has, indeed, been claimed by many workers, as stated in the introduction to this paper, that in the various groups of vertebrates this is in fact the case. In particular, it would be important to repeat by critical methods the investigations on the conditions in Cyclostomata and Selachii. If it should turn out that in these forms also the visceral arch cartilages are formed from the neural crest, the position would be quite clear. It would have to be realized that cartilage can arise from cells derived from two different layers. Long ago Kolliker (1884) concluded that the germ-layer theory is of little value to histology.
(4) The ' mesenchyme' problem It cannot be denied that the origin of structures of such close identity of histo logical, structural, and functional character as axial cartilages and visceral arch cartilages from germ layers as distinct as the mesoderm and ectoderm, is difficult to fit into a satisfactory concept. The question therefore arises whether it is really justified to regard cartilage as derivatives of either mesoderm or ectoderm in the same sense as coelomic epithelium or epidermis are derived from those respective layers. This is a problem which, by another and different approach, confronted the classical embryologists of the nineteenth century, foremost among whom was His (1874). Criticizing Remak's (1855) concept of the mesoderm as a layer from which all tissues and organs other than those derived from ectoderm or endoderm are formed, he says: 'You are up against a problem to which neither Remak nor his supporters are able to give a satisfactory answer consistent with the facts, the solution of which can however only be found in a clarification of the germ-layer theory. Whence come the rudiments of the blood-vessels, the connective tissue, and cartilage ? '
The reason why His was dissatisfied with Remak's concept was because in the material which he studied, viz. the chick, blood vessels, connective tissue, cartilage and bone, are formed not by the conversion and differentiation of any layer of cells at all, but from wandering cells which come to occupy the spaces between the true germ layers and differentiate there. To such tissues and structures he gave the name of 'parablastic', to distinguish them from the ' archiblastic ' structures derived directly from the layers: epidermis, nervous system, coelomic epithelium, kidney tubules, and muscles, gut and associated glands.
It is true that His was to a certain extent mistaken in claiming that his para blastic structures were all of extra-embryonic origin and formed from the germ wall.
That is to say that he did not recognize the origin of cells from the sclerotomes, but his general criticism of the idea that connective tissue, blood, cartilage and bone are 'mesodermal' in the same sense as coelomic epithelium or muscle, forms the basis of O. & R. Hertwig's (1881) theory of mesenchyme. The term mesenchyme was applied by these authors to ' cells which wander singly out of the germ-layers here and there and give rise to the connective tissue where such is present, and also to blood, between the layers of the body'. Had the Hertwigs been aware of the origin of cartilage cells and of odontoblasts from the neural crest when they formulated their theory of mesenchyme, it is probable that they would have considered these facts to provide additional support for their view.
Unfortunately, there is one awkward fact which invalidates the attempt to make a formal distinction between those structures which arise as modifications of layers and those which arise from single cells which have wandered out of those layers. In Amphioxus, Goodrich (1930) has shown that the sclerotome arises as a hollow outgrowth of coelomic epithelium, enclosing a cavity (the sclerocoel) bounded by a layer of cells. It is therefore clear that the origin of mesenchyme cells from the sclerotome (and other parts of the coelomic epithelium) as isolated wanderers in the vertebrates is an equivalent of the conditions in and that mesenchyme cells derived from the sclerotomes cannot be denied the same right to the appellation mesoderm as muscle or kidney tubules. There is therefore no logical basis for the distinction of mesenchyme from mesoderm as a separate category of embryonic elements, and no escape from the conclusion that some cartilages are mesodermal and others are formed from the ectoderm.
(5) Real exceptions to the germ-layer theory With regard to the odontoblasts, it is difficult to say anything at this stage, for whereas they have previously been presumed to arise from 'mesenchyme' and therefore from a mesodermal source, this has not been proved by modern methods, and it would be premature to assert that they have a dual possible origin. With regard to the enamel organ, however, the position in so far as Urodela are concerned, is quite clear. As was stated by Adams (1924) , the enamel organ of the tooth rudiments which will become attached to the maxillary, prevomer and dentary bones is derived from the stomodaeal collar, or ectodermal tissue, which extends back round the foregut. In this region the gut cavity is lined by a double layer of cells of which the stomodaeal-ectodermal layer is the farther away from the cavity, and therefore lies between the endodermal gut wall and the mesenchyme. The presumptive odontoblasts therefore come into contact with enamel organs formed out of this ectodermal-stomodaeal layer. Farther back, however, the enamel organs of the tooth rudiments which will become attached to the palatine and splenial bones are formed from the endodermal gut wall, behind the hindmost limit to which the stomodaeal collar extends. In one and the same animal it is possible to observe enamel organs composed of yolk-free, pigment-containing cells, and of yolk-filled, pigment-free cells, and of both types of cell. No demonstration could be clearer that the enamel organ can be formed from either ectodermal or endodermal tissue, and this fact lends probability to the view that it is the accumulation of ectomesenchyme cells forming the odontoblasts of the future tooth pulp which is the primary factor in inducing the formation of the enamel organ as an ingrowth of whatever layer of cells is present, i.e. the superficial epidermis, the stomodaeal ectoderm, or the endoderm. The recognition of the fact that the enamel organ can be formed from the endoderm in Urodela facilitates the solution of the problem presented by the pharyngeal placoid scales of Selachii and the pharyngeal teeth of teleost fishes, whose enamel organs must also be of endodermal origin, as Cook & Neal (1921) have contended.
The method of origin of the taste buds is precisely comparable to that of the enamel organs. Landacre (1907) claimed that in the taste buds are formed from the ectoderm in the epidermis and from the endoderm in the pharynx. The fact that the maintenance and regeneration of taste buds is dependent on the presence of the nerve innervating them, as Olmsted (1920) showed, suggests that here also the primary factor in inducing the formation of a taste bud is extraneous to it, viz. the nerve.
Lastly, the thymus presents a case in which a structure can arise from different germ layers. The thymus of Salmo arises from ectoderm and endoderm (Deanesley 1927) . In Trichosurus, Fraser & Hill (1915) have shown that the anterior thymus rudiment is derived from both ectoderm and endoderm, while the posterior rudi ments are solely endodermal in origin. On the other hand, in and the anterior thymus is entirely endodermal while in and Talpa it is entirely ectodermal. Here again it appears very likely that an organizer is at work, inducing the differentiation of a thymus out of whatever material is available at the place in question.
The failure of attempts to apply the principles of homology to early stages of development when the only structures present are germ layers is a further indication that the germ-layer theory is of no value to the concept of homology. It is not because the rudiments arise from the same germ layer (if they do) that organs are homologous. Rather, as Pasteels (1937) has observed, the proposition should be reversed. Organs arise from the same germ layer in an organism when the pre sumptive rudiments of these organs occupy adjacent regions in the egg. And if in different organisms homologous structures have rudiments which occupy corre sponding regions in the egg, they will tend to pass through the same germ layer, but not always.
(6) The presumptive organ-forming regions and the germ layers It is now necessary, therefore, to go to earlier stages of ontogeny, and to consider the presumptive regions of origin of homologous structures in the blastula before the formation of the germ layers. Except for the notochord and segmented mesoderm, these presumptive regions are not determined in the blastula, and their demarcation represents only a conceptual projection into early stages of the normal % fates of any given parts at later stages. But these presumptive regions vary in different forms and it becomes important to see whether such variation is correlated with corresponding variations in the germ layers.
It is of great interest to realize that the correspondence between homologous structures cannot always be pressed back to identical similarity of position of the cells in the embryo, or of the regions of the egg out of which the structures are ultimately composed. It is sufficient to compare the maps of presumptive regions in the eggs of different groups of animals to be convinced of this. The presumptive mesoderm lines the ventral lip of the blastopore of tunicates, but the sides of the dorsal lip in craniates: the larval mesenchyme is derived from different quadrants of the second quartette of micromeres in Polyclada, Nemertini and Annelida; the gut may be formed, as Jenkinson (1913) pointed out, from the roof of the archenteron (Selachii, Teleostei), the floor of the archenteron (Cyclostomata, Ceratodus, Urodela), roof and floor of the archenteron ( , Anura), yolk cells in the floor of the cleavage cavity (Gymnophiona), or from the lower layer of the blasto derm (Amniota).
A difference in position of origin of the material which gives rise to structures undoubtedly homologous can be seen in the development of the mesodermal somites in
Amphioxus and in the remainder of the vertebrates. In the latter, th row of mesodermal somites is formed as a continuous band of cells, quite separate from the endoderm, which becomes invaginated and then undergoes metameric segmentation. In Amphioxus, however, the foremost somite, the so-calle head cavity, is at first separated from the more posterior mesoderm and lies like an enclave in the territory of the endoderm from which it subsequently becomes separated. That this anterior head cavity is serially homologous with the first somite of other vertebrates has been proved by Goodrich (1917) who showed from its relation to the 'proboscis pore' that it corresponds. It cannot therefore be claimed that the other vertebrates have lost the original foremost somite, and it must be concluded that in Amphioxus the rudiment of the mesoderm has under gone fragmentation, and that part of it reaches its definitive position via the endoderm. But nobody would for this reason claim either that the foremost somite of Amphioxus was formed 'from the endoderm', nor that it was not homologous with the foremost somite of other vertebrates.
Another case of difference in site of formation of a rudiment is provided by the cells which give rise to the neurons forming the general cutaneous component of the trigeminal nerve. The typical method of origin of these cells in vertebrates is from the neural crest. But in the frog, Knouff (1927) has shown that they arise from the epidermal placode, and not from the neural crest.
It is true that in this last case the change in site of origin is not very great and does not transcend the germ layer (ectoderm) from which the structure is formed, but it raises the question of principle whether (as in Amphioxus as shown above) it may not be possible in some cases that the site of origin may involve a change in the germ layer through which the material passes to reach its destination.
In all these cases, if the sources of origin are plotted back into the egg, it is obvious that they occupy different regions. This is evidence, therefore, that homologous organs can ' arise ' from different regions of the egg, and the reason for this must be that in the succession of ontogenies there have been changes in the morphogenetic processes of determination. An interesting example of this is provided by the animal pole of the egg, which in all cases gives rise to the anterior end of the organism. But whereas, as Conklin (1932) emphasized, in invertebrates the animal pole is generally located at the free end of the oocyte as it protrudes into the circumambient water or coelomic fluid, in Amphioxus and Tunicata it is located at the attached end of the oocyte. Nobody would dream, for that reason, of denying the general homology of the anterior ends of all these forms, and in this case there are grounds for believing that the location of the animal pole of an egg is determined de novo in each generation by the orientation of the oocyte to d stimulation by the surrounding medium, in accordance with Child's (1924) principle of axiation. Since development is known to partake of the nature of epigenesis, there is nothing surprising in that the sites of origin of structures should change.
Further, there is the fact, well demonstrated by Wilson's (1904) classical in vestigations on Dentalium, that qualitatively determined organ-forming substances can and do undergo marked changes of position in the egg after fertilization.
The significance of all this is that structures which arise from corresponding portions of the egg do not always pass through the same germ layers to reach their final destination. A further example of this fact is provided by the tail muscles in Amphibia. In the Urodele blastula the region of the presumptive tail mesoderm is continuous with that of the trunk mesoderm, and occupies a region corresponding to that which in Cyclostomata is completely invaginated through the lip of the blastopore. But in Urodela, the presumptive tail does not become invaginated. It arrives at the lip of the blastopore as the latter closes; it is, as it were, just too late to get in, so it remains on the outer surface of the gastrula and becomes the floor of the hindmost part of the 'neural' plate, as Bijtel (1931) first showed. In this position the presumptive tail mesoderm is carried beneath the outer surface of the neurula as the neural folds rise up and fuse above it, and it finds itself in prolongation of the trunk mesoderm which was invaginated in the normal manner for mesoderm. Here then is a case of structures, tail muscles, which are undoubtedly homologous with those of other vertebrates, which originate from corresponding presumptive areas in the blastula, and end up in corresponding positions in the neurula, but which in the gastrula have not been involved in the same layer as in other forms.
Before leaving the question of presumptive organ-forming regions, it should be noted that studies on homology have in the past been confined to the comparison of formed structures with one another. But it has become increasingly clear from researches in embryology that the processes whereby the structures are formed are as important as the structures themselves from the point of view of evolutionary morphology and homology. For instance, as Pasteels (1937) has shown, a comparison between the structures of the gastrula stages of the different types of vertebrates leads to unsatisfactory results. But a comparison between the processes involved in gastrulation and the movements of regions-extension of area of ectoderm, convergence and stretching of notochord and mesoderm, invagination of endodermprovides a system showing certain fundamental similarities throughout, though differing in extent, intensity and time relations, and therefore in the structure of the product to which these processes give rise. It is the processes that are homologous, and thanks to the work of Holtfreter (1943 Holtfreter ( , 1944 something is now known of their nature.
That the presumptive regions of the egg or blastula can vary in extent in time and space in different organisms, is, of course, merely an illustration of the fact that, contrary to the theory of recapitulation, variations of evolutionary significance can and do arise at the earliest stages of development.
Lastly, the extent of presumptive regions can be affected experimentally, as shown by the experiments of Herbst (1895) and of Lindahl (1933) on ' endodermization' and ' ectodermizat-ion ' of sea-urchin larvae by exposure of the eggs to lithium salts and to sodium thiocyanide, respectively. These results are a salutary reminder of the fact that development is epigenetic and consists of a series of responses by the organism to its environment.
The conclusion to be drawn from these facts is that while the germ layers frequently segregate the different presumptive organ-forming regions from one another, they do not invariably do so, and therefore do not function as determinants of differen tiation in development.
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The position is, therefore, that the germ layers do not equate perfectly either with the presumptive regions of the egg or blastula from which the various adult structures will arise, or with these structures when formed. It may well, therefore, be asked, what value remains in the germ-layer theory. Looking at it from the point of view of causal embryology, there can be no doubt that the germ-layer theory was misconceived in its attempt to provide an embryological criterion of homology, and in its assumption that the fates of the germ layers were universally equal and limited. ' The facts forbid us to see in these elementary organs of the embryo that definite predetermination for the performance of certain ontogenetic functions ', wrote Jenkinson (1906) in a neglected work. ' The germinal layers ', he continued, ' are not sets of cells of universally identical origin which necessarily and invariably give rise to certain fixed parts of the adult organization. ' What, then, are the germ layers? In Oppenheimer's (1940) view, they are 'the embryo's method of sorting out its constituent parts', and the problem for her consists in the elucidation of the limitation of the potencies of the germ layers to their normal accomplishment. Interesting as this problem is, it does not, however, appear to be exclusive to the germ layers. Rather should the germ layers be con sidered as a problem of the anatomy of embryos, and less as a problem of the production of the anatomy of the adult. Germ layers exist and they correspond in widely different types of organisms, regardless of the exact topographical localiza-* tions of the materials of which they are composed and of the ultimate fate of such materials. And as Holtfreter (1943 , 1944 has shown, germ layers owe their origin, segregation, and the maintenance of their distinctness, to the distribution in the blastula of the physical and other conditions which produce expansion, convergence and stretching, invagination, adhesiveness and non-adhesiveness of the cells.
There is just sufficient constancy in the origins and fates of the materials of which the germ layers are composed to endow the ghost of the germ-layer theory with a provisional, descriptive, and limited didactic value, in systematizing the description of the results of the chief course of events in the development of many different kinds of animals; provided that it be remembered that such systematization is without bearing on the question of the causal determination of the origin of the structures of an adult organism.
Lastly it may be pointed out that the abandonment of the germ-layer theory in embryology is of more than academic interest, for attempts have frequently been made to base classifications of tumours on it. There is every reason to believe that pathology will benefit rather than suffer from a realization of the incompetence of the germ-layer theory to contribute to an understanding of the causes of morpho logical and histological differentiation in development. The same is doubtless true of the study of developmental genetics. The notion that correlation of developmental effects can be explained by community of origin from the same germ layer of the structures in question has already been severely criticized by Gruneberg (1947) ; it can now be seen to have no basis.
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P late 27
F ig u r e 1. T ran sv erse section th ro u g h em bryo a t stage 20 show ing large yolk globules in cells o f no to ch o rd , endoderm , a n d m esoderm , a n d v e ry sm all yolk globules in cells of epiderm is, n e u ra l tu b e , a n d n e u ra l crest. (Iron-alum cochineal.)
F ig u r e 2. T ran sv erse section th ro u g h em bryo a t stage 22 in head region to show cell p o p u latio n ; c e n tra l m esenchym e of m esoderm al origin, an d p eripheral ectom esenchym e of neural crest origin. (Iro n -alu m cochineal.)
F ig u r e 3. Sim ilar to figure 2, slig h tly m ore p osteriorly. P late 29 F igure 9. H o rizo n tal section th ro u g h em bryo a t stage 28 in region of hyoid, first, a n d second branchial arches, to show relatio n s of ectom esenchym e ru d im en ts of visceral arch cartilages, visceral m uscle p lates, epiderm is, a n d p h ary n g eal endoderm .
F ig u r e 10. V ertical lo n g itu d in al section th ro u g h em bryo a t stage 28 in h ead region to show relations of ru d im e n ts of visceral arc h cartilages, a n d h yoid an d b ran ch ial pouches.
F ig u r e 11. T he sam e as figure 10; higher m agnification of m a n d ib u lar a n d hyoid arches, to show lack of y olk globules a n d presence of p ig m en t granules in ectom esenchym e ru d im en ts of M eckel's cartilag e a n d cerato h y al, a n d presence of yolk globules a n d lack of p ig m en t granules in endoderm of g u t w all, b ran ch ial pouches, a n d in m esoderm of visceral m uscle p late. F ig u r e 20. H o rizo n tal section th ro u g h em bryo a t stage 35 in region of ju n c tio n betw een trab e cu la cranii a n d p ara c h o rd al cartilage, to show presence of pig m en t granules a n d lack of yolk globules in th e fo rm er; a n d presences of yolk globules a n d lack of pig m en t granules in th e la tte r.
P late 32
F ig u r e 2 1 . L o n g itu d in al v ertical section th ro u g h em bryo a t stage 28 in region of head to show relatio n s of stom odaeum a n d visceral arches. (Piero-indigo-carm ine.) F ig u r e 23. T ransverse section th ro u g h em bryo a t stage 33 in region of lower jaw to show relatio n s of ru d im e n t of M eckel's cartilage, odon toblasts form ing ru d im en ts o f splenial teeth , endoderm al floor of foregut, a n d enam el organs form ed from endoderm . (Picro-nigrosine.)
F ig u r e 24. T he sam e as figure 23; higher m agnification th ro u g h p a rt of ru d im en t of M eckel's cartilag e a n d splenial to o th ru d im e n t to show c o n tin u ity betw een ectom esenchym e cells of M eckel's cartilage a n d of to o th ru d im en t, containing pigm ent granules a n d lacking yolk g lo b u le s; a n d endoderm al enam el organ form ed as depression in floor of endoderm , containing yolk globules a n d lacking p ig m en t granules.
P late 33
F ig u r e 25. T ransverse section th ro u g h em bryo a t stage 35 in region of ru dim ents of prevom erine a n d d e n ta ry te e th , to show relatio n s of to o th ru d im en ts, stom odaeal ectoderm al collar, a n d endoderm al g u t wall. (Piero-indigo-carm ine.)
F ig u r e 26. T he sam e as figure 25 ; hig h er m agnification of th ree to o th ru d im en ts to show presence of p ig m en t granules a n d lack of y olk globules in odontoblasts. figure 28 ; an o th e r specim en.
P late 34
F ig u r e 31. T ransverse section th ro u g h em bryo a t stage 35 in region of ru d im en t of p alatine to o th to show relatio n s of odonto b lasts, enam el organ, a n d endoderm al g u t wall.
F ig u r e 32. T he sam e as figure 31; h igher m agnification of to o th ru d im e n t to show presence of p ig m en t granules a n d lack of y olk globules in od o ntoblasts.
F ig u r e 33. S im ilar to figure 31; an o th e r specim en.
F ig u r e 34. S im ilar to figure 32; a n o th e r specim en.
F ig u r e 35. T ran sv erse section th ro u g h em bryo in region of rig h t splenial to o th ru dim ents a n d p a la tin e to o th ru d im e n t, to show relatio n s of ru d im en ts of splenial te e th to M eckel's cartilage.
(Piero -indigo -carm ine.) 
